The immune system of mammals is subject to continuous development during the postnatal phase of life. Studies following the longitudinal development of the immune system in healthy children are limited both by ethical considerations and sample volumes. Horses represent a particular valuable large animal model for T regulatory (Treg) cells and allergy research. We have recently characterised Treg cells from horses, demonstrated their regulatory capability and showed both their expansion and induction in vitro. Insect bite hypersensitivity (IBH) is a common allergy in horses resembling atopic dermatitis and studies have shown that first exposure to allergens in adult life results in an increased incidence of IBH. The aim of the present study was to characterize circulating CD4 − cells in a significantly higher proportion compared to mares. These cells also displayed a significantly enhanced suppressive capability. In summary these findings support the notion that exposure of horses to allergens during maturation of the immune system assists the establishment of induced (i)Treg driven tolerance.
Introduction
The immune system of mammals is subject to continuous changes during life, particularly during the postnatal and senescent phases of life. Exposure to a range of stimuli during maturation of the immune system seems to be required for its physiological development [1, 2] . Accordingly, epidemiologic studies suggest that the risk of allergy development originates in early childhood [3, 4] . While it is still a matter of debate whether a high exposure to allergens in early life has a protective or predisposing role on the development of allergic diseases [5] [6] [7] [8] , experimental models suggest that resistance to allergy is driven by environmental allergen exposure [9] . Equine insect bite hypersensitivity (IBH) is a naturally occurring large animal model of allergy in Europe but does not occur in Iceland due to the absence of biting insects belonging to the genus Culicoides that cause IBH. However, Icelandic horses exported as adults to mainland Europe, where Culicoides spp. are present, have a >50% incidence of developing IBH. In contrast, their progeny born in mainland Europe has a <10% incidence of developing IBH [10] . Interestingly, a recent study demonstrates that the prevalence of IBH in horses imported from Iceland is influenced by the age at import that is the first exposure to the allergen [11, 12] . Horses imported as weanlings at an age of 7 to 10 months do not develop IBH more frequently than Icelandic horses born in Europe. This indicates that early life exposure to the causative allergens is required to prevent the development of IBH.
The composition of the neonatal immune system is heavily biased towards an innate reaction with innate myeloid and lymphoid cells dominating [13] . The changes after birth are particularly dramatic and exposure to a range of stimuli, such as pathogens, leads to predominantly adaptive immune reactions over time. Treg cells play a key role in balancing immune responses to maintain tolerance for example against allergens [14] . A recent study in humans suggests that the relationship between immune-modulatory T cell subsets, allergic sensitization and eczema is developmentally regulated [4] . Due to the limitations in obtaining blood samples from babies, relatively little is still known about changes in regulatory immunity after birth, particularly the generation of inducible Treg (iTreg) cells, which require the encounter of antigen [1] .
Similar to other species, T cell development and cytokine production in foals depends on age and type of antigen encountered [15] [16] [17] . Previous studies have shown that the response of PBMC from foals after stimulation with mitogens is characterized by a deficient ability to produce strong Th1 or Th2 immune responses until around 3 months of age [15] [16] [17] [18] [19] [20] . However, in response to intra-bronchial challenge with virulent Rhodococcus equi, new-born foals were able to mount a similar IFN-γ response with a decreased IL-4 expression as compared to adult horses [21] [22] [23] . Furthermore, a robust IL-10 expression in foals was detected following stimulation with Lipopolysaccharide (LPS) [24] . This suggests that T-cell responses of healthy foals may be biased towards regulatory immune responses, which are important for inducing tolerance to self-antigens as well as environmental antigens such as Culicoides. We have recently demonstrated that IBH is associated with a reduced regulatory immune response specific for the causative allergens [25] . Moreover, Treg cells in IBH-affected horses displayed a strongly impaired ability to suppress Culicoides-stimulated proliferation of cells [26] . These findings together with the low incidence of IBH in Icelandic horses imported as foals, have led us to hypothesize that exposure to the allergens during maturation of the immune system is required for establishing tolerance against IBH. So far, however, no studies have been undertaken to analyse the presence and function of inducible Treg cells in foals or young animals in other livestock species. Here, we characterize circulating Treg cells in juvenile horses, their induction in vitro and determine their suppressive function compared to adult horses.
Materials and Methods

Study group
adult horses and yearlings were regularly dewormed and vaccinated. Subgroups of horses were randomly selected for individual parts of the study as described below. The study was approved by the animal experimentation ethics committee of the canton of Berne, Switzerland.
Examination of regulatory T cells in freshly isolated and in stimulated PBMC
Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll gradient centrifugation as described [27] . Horses included in this experiment were 14 foals (median age 3.5, range 1-5 months), 14 mares (median age 19, range 12-26 years) and 6 yearlings. 4x10 6 freshly isolated PBMC were examined for the presence of circulating regulatory T cells. This was performed by measurement of the expression of CD4, CD25 and FoxP3 (S1 and S2 Figs.) by intracellular staining using flow cytometry as described [28] . 4x10 6 freshly isolated PBMC were cultured in the absence (mock) or presence of a combination (cocktail) of recombinant human IL-2 (rh.IL-2, Peprotech, London, UK, 100 U / ml), recombinant human TGF-β1 (rh.TGF-β1, Peprotech EC, 2ng / ml) and concanavalin A (conA, Sigma-Aldrich, St. Louis, MO, USA; 5 μg / ml). At day 4, cells were analysed for FoxP3 expression (S2 Fig.) by different subsets of CD4 + cells as described below.
All cell cultures were performed in RPMI 1640 containing 10% FCS, penicillin (100 IU/ml), streptomycin (100 μg/ml), nonessential amino acids (1%), MEM vitamins (100 μM), sodium pyruvate (1 mM) and 2-mercapoethanol (50 μM).
Sorting experiments
Horses included in this experiment were 5 foals (3 females and 2 males; age range 1-2 months) and 5 mares (median age 15, range 5-17 years). PBMC were isolated as mentioned above. Enrichment of CD4 + cells was performed by positive selection using magnetic antibody cell separation (MACS), followed by indirect FITC labelling of CD4 and CD25 staining as described [28] . Using a BD FACSAria sorter, CD4 + CD25 − , CD4 + CD25 dim and CD4 + CD25 high lymphocytes were identified and sorted (S3 Fig.) as described previously [28] .
Measurement of T cell proliferation and FoxP3 and IL-10 expressions by flow cytometry
To study the suppressive function of Treg we used an allogeneic mixed leucocyte reaction (MLR) as described before [28] . In brief, allogeneic PBMC from another horse than any included in our study were used as stimulators of an allogeneic reaction. PBMC were therefore isolated and irradiated (44 Gy) using a harvested, stained for CD25 followed by intracellular staining for FoxP3 and IL-10 as described [28] . Cells were analysed using a LSRII flow cytometer (Becton-Dickinson) as described [28] . Data analysis was performed using Flowjo software (TreeStar Inc-Ashland 
Results
Circulating CD4 + CD25 high T cells contain a significantly higher proportion of FoxP3 + cells in foals compared to adult horses
We had shown previously the presence of circulating CD4 + CD25
high FoxP3 + T cells in adult horses [28] . However, studies on the development of these cells in foals were still lacking. high T cells (A) and expression of FoxP3 (B) within these 3 subpopulations were determined using flow cytometry. While differences between foals and yearlings do not surmount to more than a trend, it became obvious that there is a significant shift in T cell populations between foals and adult animals across all subpopulations. 
Ability to up-regulate FoxP3 + T cells in vitro is higher in foals compared to adult horses
We had shown previously in adult horses that FoxP3 expression could be induced in vitro with a combination of r.IL-2, r.TGF-β1 and conA (cocktail) [28] . Accordingly, it was of interest to compare the ability to modulate the expression of FoxP3 within PBMC from foals. Therefore, we have examined the proportion of CD4 + cell subpopulations as well as the FoxP3 + expression within CD4 + CD25 + and CD4 + CD25 − populations after in vitro stimulation of PBMC with the cocktail. Fig. 2A shows a significant increase in the proportion of CD4 + CD25 dim cells from foals, yearlings and mares upon stimulation with the cocktail compared to un-stimulated cells (mock). Interestingly, the proportion of CD4 + CD25 high cells was significantly increased by the cocktail stimulation in foals and yearlings but not in mares, the latter confirming previous results in adult horses [20] . Upon in vitro culture, significant differences in the proportion of CD4 + CD25 − , CD4 + CD25 dim and high cells were no longer detected between the 3 groups of horses ( Fig. 2A ) compared to freshly isolated cells (Fig. 1A) . high T cells (A) and expression of FoxP3 (B) within these subpopulations were determined and presented as in Fig. 1 . In addition, (*m) indicates a significant difference to mock within the respective cell subpopulation of the same horse group using non-parametric Wilcoxon signed-rank paired t-test. doi:10.1371/journal.pone.0120661.g002 high lymphocytes sorted from freshly isolated PBMC of foals (F, n = 5, age 1-2 months) and mares (M, n = 5, age 5-17 years) were left either un-stimulated (mock) or stimulated with cocktail. A) The cells were counted before (start) and after culture (mock, cocktail) using a haemocytometer and Trypan blue to exclude dead cells. Results are shown as number of cells, dots represent individual horses. * Indicates significant differences to mock and start using paired t-test. B) After 4 days, the cells were harvested and (Fig. 6A) . Furthermore, Fig. 6B shows a significantly in- (Fig. 6C) .
Discussion
In 1953, Billingham and Medawar showed that mice injected with allogeneic splenocytes at birth were subsequently able to accept skin allografts from the same donor strain [29] . Moreover, dizygotic cattle twins accepted skin grafts from each other [30] . This led to the belief that the neonatal period represents an ontogenic window for tolerance induction towards self-and foreign antigens [31] . In mice the immediate post-natal removal of the thymus results in a failure to induce tolerance, which can be restored through adoptive transfer of T cells [32] . In humans, the foetal generation of Treg cells is believed to play an important role in suppressing T cell responses during development, establishing tolerance [33, 34] . Due to the difficulties in obtaining samples from healthy subjects, relatively little is known about changes in the regulatory immunity in humans after birth and most studies compare cord blood cells with adult Treg cells. It has been suggested in these studies that nTreg cells from cord blood have a reduced suppressive capacity [35] [36] [37] , but it needs to be taken into account that CD4 + CD25 + cord blood cells proliferate in response to anti-CD3/CD28 mAb-coated beads [36] , which is not a common feature of Treg cells.
In the present study, we have examined circulating Treg cells in the large animal model of horses prior to adolescence for the first time. While the significantly lower proportion of circulating CD4 + CD25 high cells in foals reflects their lack of encountered foreign and dangerous antigens, 47% of these cells were FoxP3 + compared to only 10% in mares (Fig. 1) . This is in accordance with our previous data, demonstrating that CD4 + CD25 high cells in adult horses are heterogeneous containing only a minority of FoxP3 + cells [28] . While we have not studied the immediate post-natal period, we can assume that the circulating FoxP3 + cells in foals in vivo resemble the default generation of neonatal regulatory T cells described for mice in vitro [31] . Accordingly, the default phenotype of circulating CD4 + CD25 high cells in neonatal foals resembles
Treg cells rather than activated T cells. Similar to adult animals, the combination of IL-2, TGF-β1 and conA (cocktail) induced a significantly higher proportion of FoxP3 within CD4 + CD25 high cells (Fig. 2) . More so, the proportion of CD4 + CD25 high cells was also significantly up-regulated reaching a similar frequency as in mares. Not unexpectedly the expression of FoxP3 in CD4 + CD25 + cells changed inversely proportional to the age of foals in that the proportion of circulating Treg cells dropped significantly by the age of 4-5 months (Fig. 3) . However, there were no significant differences between the age groups of foals, in the proportion of iTreg cells induced upon stimulation with the cocktail, indicating an increased ability of foals to up-regulate FoxP3 expression compared to yearlings or adult animals. While this suggests a change from nTreg towards iTreg in the composition of the regulatory compartment, the immune system of young horses remains skewed towards tolerance induction. CD4 + CD25 high cells from the earliest (1-2 months age) foal group exhibit a stronger suppressive capability than those from adult horses (Fig. 4) . This was associated with a higher frequency of FoxP3 + IL-10 + cells, which is in accordance with our previous results that the frequency of FoxP3 + IL-10 + cells determines the suppressive ability of CD4 + CD25 high cells in horses [26] . This is also in agreement with an earlier study that detected an increase number of IL-10 + cells in foals [24] and indicates a rapid activation of the Treg compartment after birth.
Similar to previous results using adult CD4 + CD25 high cells we [28] , could demonstrate that these cells from foals can be expanded in vitro (Fig. 5 ). high (high) T cells was determined using flow cytometry as described before [28] . A gate was set around lymphocytes and gated cells were analysed for CD4 expression where another gate was positioned. CD4 + cells were subsequently analysed for CD25 expression. CD25 − cells were first distinguished from those with a dim fluorescence signal (dim) and additionally from those with a distinct (>10 fold) brighter fluorescence signal (high). Subsequently, three gates with small gaps between them were placed, defining the three CD4 + subpopulations.
(TIF) [28] , using a more stringent gating than for phenotyping (S1 Fig.) 
